ISSN 1727-7337 (print)

ABIAIIMHO-KOCMIYHA TEXHIKA I TEXHOJIOI'LA, 2022, Ne 4 cnensunyck 2 (182)  ISSN 2663-2217 (online)

UDC 621.452.3-226.026.8

doi: 10.32620/aktt.2022.4sup2.08

Mykhaylo TKACH?, Sergey KULISHOV?, Vitalii POLISCHYK!, Yurii HALYNKIN?,
Arkadii PROSKURIN?, Vladimir KLUCHNYK!

! Admiral Makarov National University of Shipbuilding, Mykolaiv, Ukraine
2 State Company "'Research and Production Complex

of Gas Turbine Construction ""Zorya''-""Mashproekt”, Mykolaiv, Ukraine

THEORETICAL AND EXPERIMENTAL DETERMINATION
OF THE BOUNDARY CONDITIONS INFLUENCE
ON GAS TURBINE BLADE VIBRATION CHARACTERISTICS

A description of the stand based on a digital speckle interferometer with a diffuse reference wave and separat-
ed branches is given, which allows determining the natural frequencies and vibration modes of objects in real
time. In the frequency range 100...4000 Hz, an experimental study of the vibration characteristics of a turbine
rotor blade of a gas turbine engine was carried out, with rigid fastening of the blade fir tree part, which was
achieved by fixing the blade in the lock and then fixing it in the clamping device. In the frequency range from
100 to 4000 Hz, 9 blade vibration modes were identified. The object of the study is the turbine rotor blade of a
gas turbine engine with a height along the trailing edge of 288 mm and a chord in the middle section of 88.5
mm. A solid-state geometric model of a rotor blade based on a faceted body obtained from 3D scanning has
been created. Concerning the frequency range 100...4000 Hz, using the ANSYS Workbench software package,
a series of calculations of the resonant frequencies of the blade by the finite element method was carried out.
Many vibration modes have been obtained, and the data obtained from experiments and calculations have
been compared. The analysis of the spectrum of the natural vibration frequencies of the blade showed that the
root-mean-square value of the deviations between the results obtained is 5.5% for the same modes. To verify
the software calculation, the values of the resonance frequencies were recalculated using a three-dimensional
model of the blade fixed in the lock. To determine the influence of the boundary conditions for fixing a gas tur-
bine blade on its vibration characteristics, a series of calculations of the resonance frequencies and vibration
modes of the blade model with cutting off a part of the blade at different heights was carried out. It is shown
that cutting off the fir tree part of the blade root when modeling the boundary conditions of fixing makes it pos-
sible to simplify the calculation process by simplifying the geometry of the three-dimensional model of the
blade under study, with a minimum loss of calculation accuracy.
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Introduction

During the operation of a gas turbine engine, the
rotor blades are exposed to time-varying gas-dynamic
loads [1, 2]. Since the nature of the change in these
forces in time is determined by the rotor speed and the
number of structural elements located upstream, they
are periodic in nature. The action of these forces causes
the scapula to vibrate. When the frequency of the exter-
nal action coincides with one of the natural frequencies
of the blade, resonance occurs, accompanied by an in-
crease in vibration amplitudes and a sharp increase in
vibration stresses in the blade.

Resonant vibrations can result in the appearance of
cracks, the development of which entails the possibility
of blade breakage. The places of origin of fatigue cracks
are determined by the lines of the greatest stresses (cor-
responding to the lines of the greatest curvature) of the
oscillating blade [3, 4].

Thus, the determination of the forms and frequen-
cies of natural vibrations allows:

— to determine the resonant modes of the blade;

— to determine the most dangerous places in terms
of the appearance of cracks on the profile part of the
blade;

— when working out the engine, take measures to
detune from dangerous resonance modes.

Natural frequencies and vibration modes of GTE
parts are traditionally determined by calculation and
experimental methods.

Experimental methods for determining the vibra-
tion characteristics of GTE parts are rather conditionally
divided into contact and non-contact.

Contact methods are based on the use of so-called
«contact» sensors, which have a mechanical connection
with the investigated object [5]. These devices are easy
to implement, have a relatively low cost and acceptable
accuracy. However, this method has significant draw-
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backs: a sensor fixed on a moving object is subject to
mechanical, temperature and other negative influences,
which leads to failures and failures in equipment condi-
tion monitoring systems; there is no possibility of meas-
uring vibrations of high frequency and low amplitude
due to the high inertia of the sensor, which leads to dis-
tortion of the signal shape. The indicated disadvantages
are devoid of contactless measurement methods.

Non-contact methods are characterized by the ab-
sence of mechanical connection with the object, the
distance to which or the movement of which they meas-
ure, significantly reducing the effect on the measured
value [6, 7]. The most common methods for the non-
contact determination of vibration characteristics of
parts are optical methods.

Optical methods for measuring vibrations include
the following: holographic, diffractive, Doppler and
interference [6, 8]. Holographic methods have high res-
olution, but they require complex and expensive equip-
ment. The disadvantage of the diffraction method, as
well as the holographic method, is the need for a refer-
ence surface. Doppler methods involve the use of laser
systems with frequency modulated radiation, which
allows you to investigate mainly only polished surfaces
and profiles of the correct shape.

The combination of high accuracy and sensitivity
at a high measurement speed has led to the widespread
use of interference methods, both in research laborato-
ries and in industrial environments. The most common
interference method for studying the vibration charac-
teristics of gas turbine engine parts is speckle interfer-
ometry [9-14]. Its application allows real-time visualiza-
tion of the dislocation of nodal lines, i.e. determine the
forms and resonance frequencies of the blade vibrations,
as well as the distribution of vibration amplitudes over
its surface. However, due to the complex geometry of
the object under study, a number of problems arise dur-
ing the experiment:

— the complexity of the experimental reproduction
of the boundary conditions for attaching a blade as part
of a gas turbine engine, during operation;

— the need for special equipment for the experi-
ment;

— a high amount of time and resources required to
organize and conduct an experiment.

In view of the presented features of experimental
studies, in the practice of engine building, a direction is
intensively developing, focused on determining the vi-
bration characteristics of gas turbine blades by calcula-
tion methods [15-20].

At present, the calculation of the vibration charac-
teristics of turbine blades is mainly carried out numerical-
ly, using three-dimensional models, using the finite ele-
ment method (FEM), implemented in modern software
systems (ANSYS, SolidWorks, NASTRAN, COSMOS,

etc.) [21-27]. The main idea is that the original structure
is divided into a number of simple parts-elements, after
which the equilibrium equations are described by a sys-
tem of algebraic equations, which greatly simplifies the
calculation procedure. The advantage of this method is
that it makes it possible to take into account the geometry
of the structure, working conditions, distribution and
change in time of external loads, temperature factors,
physical properties of structural materials.

At the same time, the accuracy of the calculated
data (obtained by the FEM) directly depends on the
compliance of the geometry of the investigated blade
with the used calculation model, and significantly re-
duces it in the event of a discrepancy. As a result, to
ensure the accuracy of the calculation, a geometric
model is required, created by 3D scanning the dimen-
sions of a real blade, which increases the complexity of
developing a three-dimensional model.

1. Formulation of the problem

At the same time, the accuracy of the calculated
data (obtained by the FEM) directly depends on the
compliance of the geometry of the investigated blade
with the used calculation model, and significantly re-
duces it in the event of a discrepancy. As a result, to
ensure the accuracy of the calculation, a geometric
model is required, created by 3D scanning the dimen-
sions of a real blade, which increases the complexity of
developing a three-dimensional model.

The aim of this work is to determine the influence
of the boundary conditions for fixing the model of a gas
turbine rotor blade to determine its vibration character-
istics using a geometric solid-state parametric model
created on the basis of 3D scanning of a real blade.

2. Methodology of experimental studies
of oscillations of turbine blades

2.1. Description of the experimental stand

In the process of experimental determination of the
vibration characteristics of the blade, an experimental
stand was used, operating on the basis of the digital
speckle interferometry method, with a diffuse reference
wave and separate propagation channels of the reference
and object beams (Fig. 1) [28, 29].

The source of coherent light is a diode-pumped
solid-state laser 1 (DPSS) with a radiation power of
50 mW and a wavelength of A = 0.532 pm. With the
help of a microlens 2, the laser beam is expanded and
divided by a beam splitter 3 into transmitted and reflect-
ed. The transmitted beam illuminates the surface of the
blade 4, which is cantilevered in the clamping device 5,
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is scattered by its surface, and forms a diffuse object
wave.

Fig. 1. Optical layout of the experimental stand:
1 —laser; 2 —micro lens; 3, 7 — beam splitters;
4 —the investigated blade; 5 — clamping device;
6 — transmissive diffuser; 8 — video camera,

9 — personal computer

Vibration excitation of the blade is carried out
through the lock by a piezoceramic vibration transducer,
to which a sinusoidal signal of the sound generator is
fed, amplified by a low-frequency amplifier. The light
beam reflected by the beam splitter 3 is scattered by the
transmission diffuser 6 and creates a diffuse reference
wave. The object and reference beams, combined by the
beam splitter 7 and the camera lens 8, form the resulting

fastering surface

a

speckle field - a specklogram on the light-sensitive ma-
trix. With resonant vibration, it encodes an interfero-
gram of the vibrational shape of the blade, which is de-
coded on a computer 9 using the method for determin-
ing the dynamic pattern of speckles [30].

A detailed description of the scheme of the exper-
imental stand, as well as the method of obtaining and
processing holograms, are presented in [28, 31].

2.2. Experimental boundary conditions

A turbine blade of a gas turbine engine was chosen
as the object of research; blade dimensions: height along
the trailing edge - 288 mm, chord in the middle section -
88.5 mm. The experimental determination of the vibra-
tion characteristics was carried out with a clamped of
the blade fir tree part. For this, the blade was installed in
the lock (Fig. 2, a), after which it was fixed in the
clamping device along the outer surfaces of the lock
body (Fig. 2, b).

2.3. Experimental determination of natural
frequencies and vibration modes of a blade

The resonant frequencies and vibration modes of
the blade obtained experimentally are presented in
table 1. The boundary conditions of the experiment are
described in Section 2.2.

b

Fig. 2. Scheme of placement and fastening of the blade:
a — the location of the blade in the lock; b — installation of the blade in the clamping device
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Table 1
Some experimental forms and frequencies
of a cantilevered blade oscillations

165 Hz 805 Hz 1706 Hz | 2844 Hz

2.4. Construction of the geometric model
of the blade

To determine the vibration characteristics of a par-
ticular blade under study, its solid-state geometric mod-
el was created based on 3D scanning. On the basis of
the faceted body obtained during scanning (Fig. 3, a), in
the environment of the Siemens NX computer-aided
design system, using the «Reverse engineering» func-
tions, along sections (Fig. 3, b), a 3D model of the blade
was developed (Fig. 3, ¢) [32].

a
Fig. 3. To the construction of a geometric model of the blade

3. Influence of the method of fixing the
blade lock on its vibration characteristics

Resonant frequencies and vibration modes of the
investigated blade model are obtained by the finite ele-
ment method implemented in the ANSYS Workbench
software package. The boundary conditions are cantile-
ver fastening of the blade root part (Fig. 4a), which cor-
responds to the conditions of the blade fastening to the
experimental stand described in Section 2.2.

The properties of the material are determined by
achieving the minimum root-mean-square deviation of
the calculated values of the resonant vibration frequen-
cies of the blade from the experimental data under free
boundary conditions: p - 7830 kg/m’; p - 0.3;
E - 215 GPa [32].

In the course of the calculation, a finite element
SOLID 187 (tetrahedron) was used, the element height
was 0.6 mm. The number of elements was ~ 1.5 million
(Fig. 4b). Calculations carried out with a twofold de-
crease in the finite element showed an insignificant de-
viation (less than 1%) of the obtained values of the res-
onant vibration frequencies for the studied blade model.

Some characteristic frequencies and vibration
modes of the blade model are shown in Fig. 5.

A comparison of the values of the resonant fre-
quencies of the investigated blade, obtained experimen-
tally and by calculation, is given in Tabl. 2.
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fastening
surface

a b

Fig. 4. To the calculation of the vibration characteristics of the blade:
a — the boundary conditions for the attachment of the blade;
b — scheme of splitting the blade model into tetrahedrons

Fig. 5. Some calculated vibration modes and resonance frequencies of a cantilevered blade:
a—179,66 Hz; b — 856,04 Hz; c — 1712,4 Hz; d — 2843,7 Hz
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Table 2

Comparison of the resonant frequencies of a blade fixed along the blade root part with experimental data

Resonance frequencies, Hz
Form number Percent error, %
Experiment Calculation
1 165 179.66 8.88
2 805 856.04 6.34
3 1310 1368.2 4.44
4 1706 1712.4 0.38
5 2033 2269.0 11.6
6 2844 2843.7 0.01
7 3321 3236.4 2.55
8 3384 3407.1 0.68
9 3999 3946.9 1.30
Mean square value, % 5.50

Since, when calculating the vibration characteris-
tics of the blade, by the finite element method, the influ-
ence of the lock (Fig. 2, a), used when fixing the blade
in the clamping device, was not taken into account, it
became necessary to verify the calculated data. For this,
the calculation of the values of the resonance frequen-
cies was carried out using a three-dimensional model of
the blade, combined with the lock. The surfaces of the
blade attachment (Fig. 4, a) are mated with the inner
surfaces of the lock model (Fig. 6, a). The 3D model of

a

the lock was developed in accordance with the overall
dimensions of the lock used in experimental research.

The calculation was carried out in conditions of
rigid fixation of the outer surfaces of the lock body (Fig.
6b). To exclude the influence of the boundary condi-
tions on the calculation results, the material properties,
as well as the final element, remained unchanged.

The percent error of the resonant frequencies of
the blade model fixed in the lock are given in Tab. 3.

fastening
surface

b

Fig. 6. 3D model of the blade in the lock:
a — 3D model of the blade, clamped in the lock; b — boundary conditions for fastening the lock
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Table 3
Comparison of the resonant frequencies of the blade fixed in the lock with experimental data
Resonance frequencies, Hz
Form number Percent error, %
Experiment Calculation (blade+lock)
1 165 181 9.70
2 805 864 7.33
3 1310 1385 5.73
4 1706 1728 1.29
5 2033 2296 12.94
6 2844 2865 0.74
7 3321 3266 1.66
8 3384 3442 1.71
9 3999 3960 0.96
Mean square value, % 6.30

As follows from the data obtained, the magnitude
of the deviations in the calculation of the resonance fre-
quencies of the model of the blade clamped in the lock
increased. The standard deviation was 6.3% (versus
5.5% when calculated without a clamping device).
Thus, the calculation of the vibration characteristics of
the blade model taking into account the lock is imprac-
tical.

4. Methods for modeling the boundary
conditions for fixing the blade to determine
the vibration characteristics

In order to determine the influence of the boundary
conditions of the fixing of the blade on its vibration
characteristics, a series of calculations of the resonance
frequencies and modes of vibration of the blade models
with cutting off the part of the blade root was carried
out (Fig. 7a). Three variants of the blade root were con-

sidered: fixing 1 - cut off 28 mm (this fixation meant
cutting off the fir tree part of the blade root); fixing 2 -
cut off 38 mm (cutting off the blade root part to the
plane of the shroud platform); fixing 3 - cut off 51 mm
(cut off to the beginning of the shroud platform).

The calculation was carried out while fixing the
blade along the cut-off plane. The blade models used in
the calculation, as well as their fixing surfaces, are
shown in Fig. 7b.

It was revealed that with an increase in the cut-off
part of the blade, the percent calculation error increased
in comparison with the calculation of the blade model
presented in Section 3.

It was revealed that with an increase in the cut-off
part of the blade, the percent calculation error increased
in comparison with the calculation of the blade model
presented in Section 3. The value of the standard devia-
tion was: for fixing type 1 - 1.49%; for fastening type 2
- 3.43%; for fastening type 3 - 5.56% (Fig. 8).

Fig. 7. Dissection of the hinge part of the blade:
a — Scheme of dissection of the blade model; b — three-dimensional models, and the surface of the blade attachment
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Fig. 8. Percent error of the calculated values of the resonance frequencies
of the blade model with cutting off part of the lock

As follows from the results obtained, the minimum
value of deviations, which was 1.49%, was achieved with
the type of fixation 1. The use of this variant of the blade
root part of the model when calculating the vibration char-
acteristics will facilitate the calculation process by simpli-
fying the geometry of the three-dimensional model of the
studied blade, with a minimum loss of accuracy (~ 1.5%).

Conclusions

1. Using the method of real-time digital speckle in-
terferometry, natural frequencies and modes of oscilla-
tions of the working turbine blade of a gas-turbine en-
gine are determined. In the frequency range from 100 to
4000 Hz, 9 blade vibration modes were identified.

2. In the frequency range from 100 to 4000 Hz, us-
ing the finite element method, the resonant vibration
frequencies of a three-dimensional model of a GTE ro-
tor blade are determined. The standard deviation of the
calculated and experimental data was about 5.5%.

3. The calculation of the values of resonance fre-
quencies was carried out using a three-dimensional
model of a blade fixed in the lock. It is shown that when
calculating the vibration characteristics of a blade taking
into account the clamping device, the deviation increas-
es and amounts to 6.3%.

4. It is shown that cutting off the fir tree part of the
blade root when modeling the boundary conditions of
fixing makes it possible to simplify the calculation pro-
cess by simplifying the geometry of the three-
dimensional model of the blade under study, with a min-
imum loss of calculation accuracy (~ 1.5%).

5. The results obtained make it possible to significantly
simplify the geometric model of the turbine blade in the
course of further studies of its resonant under conditions of
clamping along the lock and twisting on the shroud.
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TEOPETUYHE TA EKCIIEPUMEHTAJIbHE BUBHAUYEHHS BILIUBY
IT'PAHUYHHUX YMOB HA BIGPALIITHI XAPAKTEPUCTUKH
POBOYOI JIOIIATKU 'A30BOI TYPGEIHU

M. P. Tkau, C. b. Kyniwos, B. A. Iloniwyk, 0. M. I'anunkin,
A. IO. Ilpockypin, B. C. Knounux

Jano onuc crenay Ha OCHOBI 1M(POBOro creki-intepdepomerpa 3 Auy3HO OMOPHOI XBHUJICIO Ta PO3LJie-
HUMH TUIKaMH, 10 J03BOJISIE BU3HAYATH BJIACHI 4aCTOTH Ta )OPMH KOJIMBAHb O0'€KTIB y peajbHOMY uaci. Y iama-
3oHi yactor 100...4000 ' mpoBeseHO eKcriepiMeHTalbHE JOCIIKeHHS BiOpaliiiHUX XapaKTepUCTUK pobo4oi Jo-
NaTKy TYpOiHU ra30TypOIHHOIO IBUTYHA, IIPH )KOPCTKOMY 3aKPIMJICHHI 3aMKOBOT YaCTHUHH JIONATKH, SIKE J0CITaocs
LIJISIXOM 3aKpIIJICHHS JIONATKH B 3aMKY 1 HACTYMHOI (ikcarii #ioro B 3aTHCKHOMY TPUCTPOi. Sk 00'€KT TOCHTIKEHHS
PO3TIITHYTO po004y JIONAaTKy TypOiHU ra30TypOIHHOIO ABUT'YHA 3 BUCOTORO IO BUXIIHINM Kpomili 288 MM i XOp/I0t0 B
cepenHboMy mepepisi 88,5 mM. CTBOPEHO TBEpIOTUILHY F€OMETPUYHY MOJIENIb pOOOUOi JIONATKH Ha OCHOBI (hacer-
Horo Tija, orpumanoro 3D ckanyBannsM. 1o crocyerses nianazony yacror 100...4000 I'u, 3 gomomMoroo mporpa-
MHoro komiuiekcy ANSYS Workbench, mpoBeneHo cepiro po3paxyHKIiB Pe30HAaHCHHUX YacTOT JIOMATKA METOIOM
KIHIIEBUX €JIEMEHTIB. BlacTuBOCTI MaTepiany BU3HAUEHI HUIIXOM JOCSATHEHHS MIHIMAIBHOTO CepeIHbOKBAIPATUY-
HOT'O BiIXMJIEHHS PO3PaXyHKOBUX 3HaY€Hb PE30HAHCHUX YACTOT KOJIMBAHb JIONATKU Bijl eKCIEPUMEHTAIBHUX JaHHUX
3a BUTPHHMX TPaHUYHUX yMOB. OTprMaHO psia GOpM KONHWBAHB, MMPOBEACHO 3iCTAaBJICHHS JAaHUX, OTPUMAHHUX EKCIIe-
PUMEHTAJIBHAM 1 PO3PaxXyHKOBUM LUISIXOM. AHAJII3 CIIEKTPY YacTOT BIACHHX KOJMBaHb JOMATKU MOKA3aB, IO cepe-
JHBOKBaIpATHYHE 3HAUCHHS BiIXWICHb MIXK OTPUMaHHMH Pe3yIbTaTaMH, CTAHOBUTB 5,5% i TUX caMuX Moz, s
BepHdikalii mporpaMHOro po3paxyHKy IPOBEIEHO IepepaxyHOK 3Ha4eHb PE30HAHCHUX YacTOT, BUKOPHCTOBYIOUH
TPUBHMIPHY MOJEJb JIONATKH, 3aKpIiIUIEHy B 3aMKy. 3 METOI0 BHU3HAYEHHS BIUIMBY IPAaHUYHHX YMOB 3aKpilUICHHS
JIOTIATKH Ta30Boi TypOiHW Ha 11 BiOpamiifHi XapaKTepUCTUKU MPOBEACHA cepisl PO3paxyHKIB PE30HAHCHUX YaCTOT Ta
(hopM KOMMBaHB MOJEN JIOMATKH 3 BiJICIKAHHAM YaCTHHH JIONATKH 10 Pi3Hiil BucoTi. [loka3zaHo, mo mpu po3paxyH-
Ky BiOpamiifHUX XapaKTEPHCTHUK JIOTIATKU 3 YpaXyBaHHAM 3aTHCKHOTO MPHUCTPOIO, BIAXWICHHS 30UTBIIYETHCS 1 CTa-
HOBUTH 6,3%. [TokazaHo, 110 BiJICiYCHHS 3aMKOBOi YaCTHHH JIOTIATKH JI0 TUIOCKOCTI "HOXKII" TIPH MOAETIOBaHHI Ipa-
HUYHUX YMOB 3aKpIIUICHHSI, JO3BOJISIE MTOJETINTH NPOLEC PO3PaxyHKY, IUIIXOM CHPOIICHHS TeOMETPHYHOT (hopMH
TPHOXMIpPHOI MOZIENi TOCHIHKEHOT JIONAaTKH, TPY MiHIMaIbHINA TOXHOI po3paxyHKy (~ 1,5%).

KurouoBi cioBa: criexi-inTepdepomerpis; momatku ['T/]; MeTon KiHIIEBHUX €IEMEHTIB; Pe30HAHCHI YacTOTH;
MOJHU KOJIMBaHb.
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